Mouse skin/Repeated beta radiation/Tumor/Threshold dose Experiments on the dose-response of tumor development induced by repeated local beta irradiation of the back of mice are summarized. Results indicated a 100% tumor incidence on irradiation at 2.5-11.8 Gy per exposure (dose-saturation effect) and the threshold-like dose response at lower doses. The mechanism underlying these phenomena is discussed on the basis of the tissue-misrepair model, that is misrepair caused by repeated stimulation of cell growth after repeated tissue injury.
INTRODUCTION
The carcinogenic effects of single doses of ionizing radiation have been studied exten sively, but there have been few studies on the effects of repeated doses of radiation, and especially their dose-response relationship. A fractionated dose of radiation has less carcino genic effect than a single irradiation with the same total dose (Fig. 1; literatures reviewed in Ref. 1) . This reduction in carcinogenicity is supposed to be because the error-free repair mechanism of the cell operates more efficiently at low dose rates than at high dose rates of radiation.
However, fractionation of the dose necessarily involves repetition of treatment, which often increases the carcinogenic effect. A high efficiency of tumor induction in mouse skin is achieved by repeated irradiation with UV2) or soft X rays3'. The optimum conditions for induction of thymic lymphoma in mice are four repeated sublethal doses of whole body X irradiation 4). This tumor-enhancing effect of repeated irradiation may involve error-prone repair of repeatedly injured cells or stimulation of error-prone growth of cells in repeatedly injured tissue. The latter mechanism was discussed by Kondo at this symposiums.
These two opposite effects may be involved simultaneously, and their combined effects may result in the unique dose-response relationship of tumor induction described in this report. Here we summarize the results of experiments performed in our laboratory and discuss the mechanism underlying the unique dose-response of the carcinogenic effect of repeated irradiation. 
PERSISTENCE OF LATENT CARCINOGENIC EFFECT OF SINGLE BETA RADIATION
Single doses of radiation rarely induce tumors in the skin of ICR or C3H/He mice in contrast to rats, in which they induce adnexal tumors at high incidence6'7). We have applied single doses of beta rays, ranging from 5 to 174 Gy, generated from 90Sr-90Y (maximum beta energy: 2.24 Mev; surface dose rate measured by film dosimetry in February, 1985: 2.28 Gy/min) to areas of 2 cm diameter on the backs of mice, with no success, or a very low efficiency of tumor induction"). Single beta irradiation caused unscheduled DNA synthesis (UDS) in cells of the irradiated skin tissue, indicating the occurrence of repair in the irradiated cells1° . Application of a chemical promoter, 12-O-tetradecanoylphorbol 13-acetate (TPA), after a single dose of 24 Gy was ineffective in producing tumors in our system L1 However, application of a chemical carcinogen 4-nitroquinoline 1-oxide (4NQO) at a subcarcinogenic dose (total dose: 2 mg in 20 paintings) after 27 Gy beta irradiation resulted in 13% incidence of malignant skin tumors. The two alternative orders of treatment (beta rays and then 4NQO, and 4NQO and then beta rays) resulted in similar yieldss). Therefore, the additive effects of these treatments seemed to be due to combination of their two dif ferent carcinogenic actions. Prolongation of the time interval between beta irradiation and subsequent treatment with 4NQO from 11 to 30, 63, 124, 234, and 408 days did not appreci ably change the tumor yield ( Fig. 2) 9'. Shubik12) also observed a similar additive effect on application of a promoter, croton oil, an interval of 200 days after beta irradiation. These results indicate that 1) beta irradiation alone is ineffective for inducing tumors, 2) a latent carcinogenic effect persists for a long period without modification in cells sur viving irradiation, and 3) this latent effect can be expressed by application of 4NQO at any time up to at least 408 days after irradiation. A 408 day period represents about half the life span of mice. As epidermal cells are constantly replaced and only stem cells survive in the tissue, this latent effect is thought to be due to mutation or genetic alteration of the stem cells of the skin. Alternatively, the possibility of persistence of physical damage in the immortal DNA strands of stem cells cannot be excluded. As single beta irradiation was ineffective for inducing tumors in mouse skin, we next tried to produce tumors by repeating irradiation. For this, the backs of female ICR mice were irradiated with beta rays in the same way as on single-dose irradiation, but treatment was repeated three times a week until the emergence of tumors or death of the mice.
The results are summarized in Figure 31 .13) On repeated irradiation of mouse skin with 11.8 Gy per exposure, tumors started to appear from Day 177, and the tumor incidence, calculated by the Kaplan-Meier method 14), reached 100% on Day 477. The time courses for increase in tumor incidence were similar with lower doses of 2.5, 3.5, and 4.7 Gy per exposure, indicating a tumor saturation effect in this dose range. In contrast to combined treatment with single beta radiation and 4NQO8,9) which produced epidermal tumors, repeated beta irradiation produced skin and bone tumors; i.e., squamous cell carcinomas, basal cell carcinomas, fibrosarcomas, and osteosarcomas. That is, tumors developed in both the skin and bone tissues to which the beta rays penetrated.
Furthermore, all the tumors produced by repeating 3 Gy radiations were monoclo nal, as judged from the single phenotypes of phosphoglycerate kinase (PGK-1) of the tumors 16) produced in Pgk-12I Pgk-1 b mice carrying X-chromosome inactivation cellular PGK mosaicism (unpublished data). It is interesting that the tumors produced in repeatedly irradiated tissue were clones of only single cells, although the tissue was repeatedly injured and many cells must have been recruited, judging from the marked hyperplasia in the skin observed after repeated irradiation.
THRESHOLD DOSE FOR TUMOR INDUCTION BY REPEATED IRRADIATION
When the dose of radiation per exposure was reduced from 2.5 Gy to 1.5 Gy, the time before appearance of tumors was abruptly prolonged (Fig. 3)1) . The first tumor appeared on Day 480, about 300 days later than the first tumor produced with saturation doses of 2.5-11.8 Gy per exposure. However, the tumor incidence increased with time and reached 100% by Day 600. With 1.0 Gy per exposure, further delay in the time of tumor emergence was observed, but again the tumor incidence increased with time to 100%. With 0.75 Gy per exposure, only two tumors, one squamous cell carcinoma and one osteosarcoma, had developed by nearly the end of the lifespan of 31 mice13). The survival of mice exposed to 0.75 Gy irradiations was very similar to that of unirradiated control mice (Fig. 3) . We are now observing the tumor incidence on exposure to 0.5 Gy per fraction and have found no tumors among 50 mice until now (Day 700). Thus 0.5 Gy per exposure does not seem to induce tumors. These findings show that on repeated irradiations the dose-response relation ship for tumor incidence is not linear.
The dose-response relationship for tumor incidence is seen more clearly from a plot of the time required for 50% tumor incidence as a function of the radiation dose per exposure (Fig. 4)13) . Data on skin and bone tumors were analysed separately, and the points in Fig. 4 show 50% incidence times of each type of tumor at the indicated doses . It is interesting that all points seem to fit the same curve, which exhibits a sharp rise with radiation doses of below 2 Gy per exposure.
A similar threshold-like response has been reported by Hecker et al .l7) for the dose response of tumor incidence with a tumor-promotor such as TPA or teleocidin , applied with various doses to mouse skin initiated with 7, 12-dimethylbenz(a)anthracene (DMBA) . However, we found no promoting effect of repeated beta irradiation at 4 .7 Gy per exposure on mouse skin initiated with DMBA11), so the action of repeated beta irradiation is dif ferent from that of known chemical tumor promoters.
The mechanism underlying the unique dose response of tumor incidence induced by repeated beta irradiation should be considered"). It is noteworthy that in our experiments only part of the whole body was repeatedly injured, other parts remaining intact. On repeated irradiation, target cells may accumulate genetic alterations (mutation and recom bination), and after certain multiple alterations, cells may acquire the potential for uncon trolled growth and finally develop into a monoclonal tumor through selection of a single clone from many clones. The persistence of the latent carcinogenic effect of a single dose of beta irradiation, which was expressed by addition of 4NQO, can be explained by the persistence of genetic alterations or mutated cells. The threshold-like effect of repeated doses of various levels of radiation on the tumor incidence may also be explained by more efficient error-free repair at low doses than at higher dose of radiation at the cellular level. However, the dose saturation for 100% tumor incidence can hardly be explained by accumu lation of genetic alterations, because the induction of mutations is usually linearly dependent on the radiation dose and a dose-independent event is unlikely to occur at the cellular level.
Therefore, the whole mechanism should be considered at the level of the cell popul ation of the tissue in the whole body. In fact, tissue injuries seem to occur in a threshold like manner: depilation of mouse skin did not occur on repeated doses of 0.5 Gy, although the total dose accumulated during 700 days reached 150 Gy, while with repeated doses of 2.5 to 11.8 Gy per exposure, depilation and severe hyperplasia occurred in the skin. Uninjured cells in the neighborhood of the repeatedly injured tissue must have received repeated growth stimulation. This injury-stimulated growth may cause misrepair and hence tumors, as suggested by Kondo5). The threshold-like response of tumor incidence on repeated local irradiation seems to be due to the balance of error-free repair operating favorably at low doses of radiation and error-prone repair stimulated by the repeated injury caused by repeated irradiation with a supra-threshold dose. 
